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(54) System and method for imaging apparatus calibration

(57)  Asystemisdisclosed including animage sensor

positioned at a first specified angle relative to a projected 100
image plane. The system includes a projector that AW
projects a test pattern onto the projected image plane. A

controller is structured to iteratively adjust the projector

focus until an image focus index is maximized, where the

image focus index is a function of an amplitude of at least

one harmonic frequency of a scan of the test pattern. The

controller is further structured to determine a skew indi- r e
cator value and adjust a projector skew adjustment. The
controller is further structured to compare a current zoom
level to a target zoom level and adjust a projector zoom.
The projected image plane is a manufacturing surface,
where the projected image is utilized in a manufacturing
process.
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Description
Cross Reference to Related Applications

[0001] The present application claims the benefit of
U.S. Provisional Patent Application No. 61/203,970 filed
December 31, 2008, and is incorporated herein by ref-
erence.

Field of the Invention

[0002] The presentinvention relates to automatic pro-
jector calibration, and more particularly relates to auto-
matic projector calibration in a manufacturing environ-
ment.

Background

[0003] Various manufacturing techniques utilize pro-
jected images. For example, ceramic devices may be
created with a photosensitive polymer utilized in one of
the steps of manufacturing. Manufacturing of sophisti-
cated parts requires that projected images be optimally
focused and square, while it is desirable that focusing
and image processing require little time and human in-
teraction. Accordingly, there is a demand for further im-
provements in this area of technology.

Summary

[0004] One embodiment is a unique system for cali-
brating a projection system in a manufacturing process.
Other embodiments include unique methods, systems,
and apparatus to calibrate projection systems. Further
embodiments, forms, objects, features, advantages, as-
pects, and benefits shall become apparent from the fol-
lowing description and drawings.

Brief Description of the Drawings

[0005] The description herein makes reference to the
accompanying drawings wherein like reference numer-
als refer to like parts throughout the several views, and
wherein:

Fig. 1 is a schematic diagram of a system for pro-
jector calibration.

Fig. 2 is animage sensor positioned parallelto a pro-
jected image plane.

Fig. 3 is an exemplary test pattern.

Fig. 4 is a processing subsystem for projector cali-
bration.

Fig. 5A s afirst illustration of a test pattern scan.
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Fig. 5B  is a second illustration of a test pattern scan.

Fig. 6 is a schematic flow diagram of a procedure
for calibrating a projector.

Fig. 7 is a schematic flow diagram of a procedure

for determining a focus setting for a projector
and an image sensor lens.

Detailed Description

[0006] For purposes of promoting an understanding of
the principles of the invention, reference willnow be made
to the embodiments illustrated in the drawings and spe-
cific language will be used to describe the same. It will
nevertheless be understood that no limitation of the
scope of the invention is thereby intended, such altera-
tions and further modifications in the illustrated device,
and such further applications of the principles of the in-
vention as illustrated therein being contemplated as
would normally occur to one skilled in the art to which
the invention relates.

[0007] Fig. 1is a schematic diagram of a system 100
for projector calibration. The system 100 includes a pro-
jector 102 that projects a test pattern onto a projected
image plane 110. In certain embodiments, the projected
image plane 110 includes a manufacturing surface which
during manufacture includes a projected image 104. For
example, the projected image plane 110 may be a loca-
tion where a photosensitive polymer will be placed during
a manufacturing process. The system 100 further in-
cludes animage sensor 106 positioned at a first specified
angle relative to the projected image plane 110. The first
specified angle may be a parallel angle, but may be any
other angle where a controller 118 transforms the re-
ceived image according to a known angle. In one em-
bodiment, the plane 108 of the image sensor 106 is par-
allel to the projected image plane 110. The image sensor
106 may include any digitally accessible image sensor
106 known in the art, including without limitation a charge
coupled device (CCD) array or a complementary semi-
oxide conductor (CMOS) array having a plurality of digital
"pixels".

[0008] In certain further embodiments, a pixel row (not
shown) on the image sensor is positioned at a second
angle relative to an edge of the test pattern. For example,
after the plane 108 of the image sensor 106 is positioned
parallel to the projected image plane 110, the image sen-
sor 106 may be rotated until a pixel row of the image
sensor 106 (either a horizontal or vertical row) is parallel
toan edge (either horizontal or vertical) of the test pattern.
In certain embodiments, the second angle is not a parallel
angle and the controller 118 commands varying scan an-
gles to determine the highest scanned frequency to de-
termine the test pattern spacing and orientation.

[0009] The system 100 includes an aperture 112 po-
sitioned between the image sensor 106 and the projected
image plane 110. In certain embodiments, the aperture
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112is apinhole allowing the image sensor 106 to achieve
acceptable focus without any control or adjustment. In
some cases, a pinhole aperture 112 introduces unac-
ceptable diffraction patterns, and a larger aperture 112,
including for example a larger hole with an imager lens
(notshown)is utilized. In certain embodiments, the image
sensor 106 may be disposed within a housing 114, and
the aperture 112 may be an opening in the housing 114.
[0010] Incertain embodiments, the system 100 further
includes a processing subsystem 116 including a con-
troller 118. The processing subsystem 116 includes, in
certain embodiments, sensors, actuators, controllers,
hardware, software, memory devices, processing devic-
es, communication paths (wired and/or wireless), and
other devices or features to functionally perform certain
operations and procedures of the system 100. In certain
embodiments, a controller 118 is structured to function-
ally perform certain operations, including in some em-
bodiments focusing, squaring (i.e. correcting skew), and
implementing the proper zoom level of the projected im-
age.

[0011] In certain embodiments, the controller 118 is
structured to iteratively scan the test pattern and adjust
a projector focus value to maximize animage focus index.
The image focus index is a function of at least one har-
monic frequency amplitude of a test pattern scan. For
example, the controller 118 my command the image sen-
sor 106 to perform a scan of the testimage. The resulting
test pattern scan is a digital description of one or more
scanned rows through the test pattern, and will be a fre-
quency-based description of the image information. For
example, the resulting test pattern scan may be a fast
Fourier transform (FFT) of the scanned rows. Although
an FFT is a possible frequency-based description, any
frequency-based information capture system under-
stoodinthe artis contemplated in the present application,
including without limitation Fourier transforms calculated
by some other method than an FFT algorithm, a sine
transform (or discrete), a cosine transform (or discrete),
and a modified Laplace and/or Z-transform.

[0012] In certain embodiments, a properly designed
test pattern - for example a square wave pattern with an
appropriate frequency (e.g. in cycles/inch) - yields a se-
ries of frequency peaks with amplitudes, the first frequen-
cy peak comprising the fundamental frequency and the
later peaks comprising harmonic frequencies. The exact
shape and nature of the peaks depends upon the test
pattern and transform used. In one example, a square
wave test pattern is used with a sine transform, and the
first peak is the fundamental frequency, the second peak
is the third harmonic frequency, the third peak is the fifth
harmonic frequency, and so forth.

[0013] The image focus index is a function of at least
one harmonic frequency amplitude of the test pattern
scan. For example, the image focus index may be the
amplitude (or root mean squared (RMS) ) value of a first
harmonic frequency (i.e. the third harmonic, or the first
harmonic peak appearing). In certain embodiments, the
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image focus index includes an RMS amplitude for the
first harmonic frequency divided by an RMS amplitude
for the fundamental frequency, a sum of RMS amplitude
values for more than one harmonic frequency divided by
the RMS amplitude for the fundamental frequency,
and/or a sum of all RMS amplitude values for harmonic
frequencies having an amplitude higher than a threshold
divided by the RMS amplitude for the fundamental fre-
quency. For example, a threshold may be any RMS am-
plitude value that is higher than 1% of the RMS amplitude
for the fundamental frequency.

[0014] In certain embodiments, the controller 118 is
structured to adjust a projector focus value to maximize
the image focus index. In certain further embodiments,
the controller 118 adjusts the projector focus value by
commanding a projector lens position actuator (not
shown) and/or a projection distance actuator 120. In the
illustration of Fig. 1, the projection distance actuator 120
is shown as an electric motor structured to move the pro-
jector 102 closer or further from the projected image
plane 110, but any type of projection distance adjustment
is contemplated in the present application. The projector
lens 122 may be adjustable in certain embodiments by
a projector lens position actuator (not shown). The con-
troller 118 maximizes the image focus index by any
known optimization routine, for example by adjusting the
focusing actuator in small increments, and finding the
maximum when a convergence occurs - such as a small
change in the focusing actuator yielding less than a
threshold improvement of the image focus index.
[0015] In certain embodiments, the projector 102 in-
cludes a skew adjustment (e.g. electronic actuator 124).
Skew as used herein can be a geometric concept - for
example the projected image is trapezoidal shaped, such
as longer at the top than the bottom (vertical skew) or
longer on one side than the other (horizontal skew), or a
brightness concept - for example the image is darker on
one side of the projected image with the same intended
color. A skew adjustment may occur by a change in cam-
era position (e.g. rotating the camera horizontally as
shown in Fig. 1 by actuator 124, or rotating the camera
in a vertical plane (not shown) ), by a change in a CRT
scan pattern, by a change in a digital projector boost level
for certain pixels, or other adjustments understood in the
art.

[0016] In certain embodiments, the projector skew ad-
justment is a horizontal skew correction, a vertical skew
correction, and/or a projector position, and the controller
118 is structured to determine the skew indicator value
and to tune the projector skew adjustment in response
to the skew indicator value. In certain embodiments, the
skew indicator value is a ratio of a first fundamental fre-
quency to a second fundamental frequency. For exam-
ple, the first fundamental frequency may be a fundamen-
tal frequency of a scan at the top of the test pattern while
the second fundamental frequency may be a fundamen-
tal frequency of a scan at the bottom of the test pattern.
[0017] Tuning the projector skew adjustment may in-
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clude the controller 118 manipulating the skew adjust-
ment until the skew indicator value has a predetermined
value. For example, if the top and bottom of the test scan
include square waves of identical frequency, then a ratio
of the first fundamental frequency to the second funda-
mental frequency (Ap/Apoitom) is targeted at a value of
one. Other values are possible - for example where the
square wave at the top has a frequency double that of
the square wave at the bottom, the ratio of the first fun-
damental frequency to the second fundamental frequen-
cy is targeted at a value of two.

[0018] In certain embodiments, the amplitude of the
fundamental frequencies of the top and bottom (or first
and second side) scans may be utilized to determine and
adjust skew. For example, the projector 102 may not
achieve the same level of brightness on the projected
image plane on one side compared to the other, and the
projector 102 may include adjustments (e.g. boosting
power projected on certain pixels in a digital projector)
that can compensate. Further, in certain embodiments,
the skew indicator value may be determined from other
parameters than the fundamental. For example, the skew
indicator value may be determined from the first harmonic
value (e.g. the frequency associated with the third har-
monicin a sine transform embodiment) and the controller
118 may tune the skew adjustment in response to the
skew indicator value.

[0019] In certain embodiments, the controller 118 is
further structured to interpret a target zoom level, to de-
termine a current zoom level, and to control the current
zoom level in response to the target zoom level. For ex-
ample, the target zoom level may comprise a projection
size, magnification ratio, percentage of an available pro-
jection area that should be used, or similar parameter
understood in the art to describe a zoom level of a pro-
jected image. In the example, the controller 118 may de-
termine the current zoom level by determining the fun-
damental frequency and converting the fundamental fre-
quency into a current zoom level. The controller 118 may
utilize the cycles per distance represented by the funda-
mental frequency, the number and size of pixels in the
image sensor 106, the number and size of pixels in the
projected image, and/or any other available information
to determine the current zoom level. In certain embodi-
ments, the controller 118 is structured to determine the
current zoom level by interpreting a target fundamental
frequency, and interpreting the fundamental frequency
for the test pattern. In certain embodiments, the controller
118 adjusts a projector distance and/or projector lens
position to control the current zoom level in response to
the target zoom level. In certain further embodiments,
the controller 118 performs a re-focus of the projected
image in response to an adjustment of the current zoom
level.

[0020] Fig. 2 is an image sensor 106 positioned at a
first specified angle (parallel, in the illustration) relative
to a projected image plane 110. The image sensor 106
includes a plane of sensing elements (e.g. each repre-
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senting a "pixel"), and the plane of the image sensor 106
is positioned parallel to the projected image plane 110.
In certain embodiments, the image sensor 106 is rotated
after the planes 110, 108 are positioned at the first spec-
ified angle, such that a pixel row 204 on the image sensor
106 is at a second angle to an edge 202 of a test pattern
208 projected onto the projected image plane 110. In the
illustration of Fig. 2, a vertical pixel row 204 is aligned
with a vertical edge 202 of the test pattern 208. However,
any orientation of the pixel rows 204 to the test pattern
208 edges is contemplated herein.

[0021] Fig. 3 is an exemplary test pattern 208. The
exemplary test pattern 208 includes a first square wave
sequence 302 at the top, and a second square wave
sequence 304 at the bottom. The exemplary test pattern
208 further includes a third square wave sequence 306
at a left side and a fourth square wave sequence 308 at
a right side. Each square wave sequence 302-308 is at
a specified frequency (e.g. in cycles/inch), but each
square wave may be at the same or a different frequency.
In the example, each square wave is at the same fre-
quency.

[0022] In certain embodiments, the image sensor 306
performs multiple scans on a square wave sequence 302
from the test pattern 208 and the controller 118 performs
focusing operations until the projected image 104 is op-
timally focused. In certain further embodiments, the im-
age sensor 306 then performs multiple scans on oppos-
ing square wave sequences 302, 304 and/or 306, 308
and the controller 118 performs skew adjustment oper-
ations until the projected image 104 is optimally square.
In certain further embodiments, the image sensor 306
performs at least one scan on a square wave sequence
302, 304, 306, 308, determines a current zoom level ac-
cording to the specified frequency of the square wave
sequence and the observed fundamental frequency of
the test pattern 208 according to the scan. In certain fur-
ther embodiments, the controller 118 performs a zoom
adjustment to change the current zoom level according
to a target zoom level.

[0023] Fig. 4 is a processing subsystem 116 for pro-
jector 102 calibration. The subsystem 116 includes a
scanning module 402 that provides an image sensor
scan command 404. The image sensor 106 creates a
test pattern scan 406 in response to the image sensor
scan command 404. The test pattern scan 406 is a scan
(e.g. an optical scan) of the test pattern 208 projected
onto a manufacturing surface. In certain embodiments,
the test pattern scan 406 includes a digital capture of the
information from the scan, including for example a plu-
rality of frequency peaks generated from a fast Fourier
transform analysis of the scan data.

[0024] The subsystem 116 furtherincludes afocus def-
inition module 408 that determines an image focus index
410 that is a function of at least one harmonic frequency
amplitude of the test pattern scan 406. The subsystem
116 further includes a focus control module 412 that it-
eratively adjusts a projector focus value 414 to maximize
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the image focus index 410. Maximizing the image focus
index 410 includes a naming convention that a larger
image focus index 410 indicates a more focused project-
ed image 104, or in one example a higher ratio of the
utilized harmonic frequencies to the fundamental fre-
quency. The naming convention may be reversed, such
that a smaller image focus index 410 indicates a more
focused projected image 104, orin one example a higher
ratio of the utilized harmonic frequencies to the funda-
mental frequency. Any such embodiments, or other
equivalents, are contemplated in the scope of the present
application.

[0025] In certain further embodiments, the focus con-
trol module 412 also adjusts an imager lens position 416
to maximize the image focus index 410. The subsystem
116, in certain further embodiments, also includes an im-
ager focus verification module 418 that dithers the imager
lens position 416, and the focus control module 412 fur-
ther re-adjusts the projector focus value 414 in response
to the dithering of the imager lens position 416 indicating
thatthe image focus index 410 is not ata maximum value.
[0026] For example, the focus control module 412 ad-
justs the imager lens position 416 and the projector focus
value 414 until an optimal image focus index 410 is
reached, the imager focus verification module 412
changes the imager lens position 416 to a higher and
lower setting (i.e. dithers the imager lens position 416)
while the focus definition module 408 recalculates the
image focus index 410. If during the dithering, the image
focus index 410 increases, the imager lens position 416
is moved until the image focus index 410 has a highest
value, and the focus control module 412 re-adjusts the
projector focus value 414 to ensure that an optimal image
focusindex410is maintained. The dithering of theimager
lens position 416 and readjustment of the projector focus
value 414 helps ensure that the image focus index 410
is not set at a local maximum but non-optimal value, and
the process of dithering the imager lens position 416 may
be repeated - for example until the process yields less
than a threshold improvement in the image focus index
410.

[0027] In certain embodiments, the subsystem 116 in-
cludes a skew control module 419 that determines a skew
indicator value 420 as a function of a first fundamental
frequency value 422 and a second fundamental frequen-
cy value 424. The first fundamental frequency value 422
is a fundamental frequency determined from a scan on
afirst side of the test pattern and the second fundamental
frequency value 424 is a fundamental frequency deter-
mined from a scan on a second side of the test pattern.
The skew control module 419 further tunes a projector
skew adjustment 426 in response to the skew indicator
value 420.

[0028] For example, the test pattern 208 such that the
first fundamental frequency value 422 and the second
fundamental frequency value 424 should be equal, and
the skew indicator value 420 may be a ratio of the first
fundamental frequency value 422 divided by the second
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fundamental frequency value 424. The skew control
module 419 may tune the projector skew adjustment 426
- for example an actuator 124 position that rotates the
projector 102 - until the skew indicator value 420 has a
value close to one. Any known cause of projected image
skew - including at least due to projector 102 position
and angle - may be measured by the skew indicator value
420 and adjusted by the projector skew adjustment 426.
In certain embodiments, the projector skew adjustment
426 includes a horizontal skew correction, a vertical skew
correction, and/or a projector position. In certain embod-
iments, the skew indicator value 420 includes a ratio of
the first fundamental frequency to a second fundamental
frequency, and/or a ratio of the first fundamental frequen-
cy amplitude to the second fundamental frequency am-
plitude. In certain embodiments, the skew indicator value
420 includes a horizontal skew indicator value and/or a
vertical skew indicator value.

[0029] In certain embodiments, the subsystem 116 in-
cludes azoom control module 428 that interprets a target
zoom level 430, determines a current zoom level 432,
and provides a zoom level command 434 in response to
the target zoom level 430. For example, the target zoom
level 430 may be a value stored in a memory location of
the subsystem 116, which may be stored as a target fun-
damental frequency or other parameter that may be re-
lated to an image size, and the current zoom level 432
may be determined according to a fundamental frequen-
cy from the test pattern scan 406. The zoom level com-
mand 434 may be a position value for the projector lens,
a position value for the projector, or other parameter that
adjusts the image size, and the zoom control module 428
may provide a zoom level command 434 such that the
current zoom level 432 has a value close to the target
zoom level 430.

[0030] Fig.5Ais afirstillustration of a test pattern scan
406. The test pattern scan 406 includes a fundamental
frequency peak 502A, and several harmonic frequency
peaks 504A, 506A, 508A. Referring to Fig. 5B, a second
illustration of a test pattern scan 406 includes a funda-
mental frequency peak 502B, and several harmonic fre-
quency peaks 504B, 506B, 508B. The illustration of Fig.
5B is consistent with the illustration of Fig. 5A, where the
illustration of Fig. 5B is closer to a proper focus level. For
example, the harmonic peaks in Fig. 5B exhibit a narrow-
er frequency range and higher amplitude than the har-
monic peaks in Fig. 5A. The illustration of Fig. 5B shows
a number of high frequency peaks 510B that may be
higher order harmonics that are too diffuse in Fig. 5A to
be seen, or that may be noise that only shows when the
projector approaches the optimum focus value - for ex-
ample scratches on the projector lens, anomalies on the
projected image plane 110, diffraction patterns from the
aperture 112, or other noise sources known in the art.
The high frequency peaks 510B may be utilized in whole
or part by the focus control module or may be ignored.
[0031] Fig. 6 is a schematic flow diagram of a proce-
dure 600 for calibrating a projector. The procedure 600



9 EP 2 204 275 A1 10

includes an operation 602 to project a test pattern onto
a projection image plane. The procedure 600 further in-
cludes an operation 604 to position an image sensor at
a first specified angle to the projected image plane and
to position a pixel row of the image sensor at a second
angle to an edge of the test pattern. The procedure 600
further includes an operation 606 to position an aperture
between the image sensor and the projected image
plane, and an operation 608 to scan the test pattern.
[0032] The procedure 600 further includes an opera-
tion 610 to determine an image focus index as a function
of a fundamental frequency and one or more harmonic
frequencies. The procedure 600 further includes an op-
eration 612 to adjust a projector focus value, and a de-
termination 614 of whether the projector focus value has
converged to an optimum value. If the projector focus
value has not converged to an optimum value, the pro-
cedure 600 iteratively adjusts the projector focus value
(i.e. performs operations 608-614) until the projector fo-
cus value is optimized. If the projector focus value is op-
timized, the procedure 600 further includes an operation
616 to tune a projector skew adjustment to optimize a
skew indicator value.

[0033] The operation 616 to tune the projector skew
adjustment includes an operation 618 to determine a
skew indicator value, and a determination 620 of whether
the skew indicator value is at an acceptable value. If the
skew indicator value is not at an acceptable value, the
operation 616 to tune the projector skew adjustment in-
cludes an operation 622 to adjust the projector skew ad-
justment, and the operation 618 to determine the skew
indicator value. If the skew indicator value is at an ac-
ceptable value, the procedure 600 proceeds to an oper-
ation 624 to interpret a target zoom level, and a determi-
nation 626 whether a current zoom level is acceptable.
If the current zoom level is not acceptable, the procedure
600 includes an operation 628 to adjust the current zoom
level.

[0034] Certain operations of Fig. 6 may be omitted in
whole or part, certain operations not shown in Fig. 6 may
be added, and operations may be performed in a different
order or performed in an alternate manner.

[0035] Fig. 7 is a schematic flow diagram of a proce-
dure 700 for determining a focus setting for a projector
and an image sensor lens. In certain embodiments, the
procedure 700 may be utilized within a procedure such
as that illustrated in Fig. 6, wherein operations 608-614
are replaced in whole or part by at least some of the
operations of the procedure 700.

[0036] The procedure 700 includes an operation 702
to scan a test pattern and an operation 704 to determine
an image focus index. The procedure 700 further in-
cludes an operation 706 to adjust a projectorimage focus
and an imager focus, and a determination 708 whether
the image focus index has converged to a local optimal
value. If the image focus index has not converged to a
local optimal value, the procedure 700 repeats the oper-
ation 706 to adjust the focus values.
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[0037] If the image focus index has converged to a
local optimal value, the procedure 700 further includes
an operation 710 to dither the imager focus and a deter-
mination 712 of whether the imager focus remains at an
optimal value (i.e. if no dithered values are more optimal
than the local optimal value, the imager focus remains
at the local optimal value). If the imager focus does not
remain at an optimal value, the procedure 700 further
repeats the operation 706 around the optimal dithered
value until the image focus index is maximized. If the
imager focus remains at the optimal value, the procedure
700 includes an operation 714 to lock the imager focus
value. The procedure 700 further includes an operation
716 to scan the test pattern, an operation 718 to adjust
the projector focus, and a determination 720 whether the
image focus index has converged to an optimal value. If
the image focus index has not converged to an optimal
value, the procedure 700 repeats operation 718 adjusting
the projector focus until the imager focus value is an op-
timal value.

[0038] Certain operations of Fig. 7 may be omitted in
whole or part, certain operations not shown in Fig. 7 may
be added, and operations may be performed in a different
order or performed in an alternate manner.

[0039] Oneexemplary embodimentis a system includ-
ing a manufacturing surface, an image projector, an im-
aging sensor, and an aperture disposed between the
manufacturing surface and the imaging sensor. The im-
aging sensor is positioned at a first specified angle rela-
tive to the manufacturing surface and a first pixel row of
the imaging sensor is positioned at a second angle rel-
ative to an edge of a test pattern projected onto the man-
ufacturing surface. The exemplary system further in-
cludes a means for determining an image focus index, a
means for adjusting a projector focus value, and a means
for maximizing the image focus index.

[0040] The means for determining an image focus in-
dex includes a test pattern and an imaging device that
scans the test pattern. The means for determining an
image focus index further includes a computing device
that determines a fundamental frequency of the test pat-
tern and an amplitude of the fundamental frequency, for
example a fundamental frequency of a pixel row of the
test pattern. The means for determining the image focus
index further includes determining an amplitude of at
least one harmonic frequency of the test pattern, and
determining the focusing index in response to the ampli-
tude of the fundamental frequency and the amplitude(s)
of the harmonic frequency(ies). An exemplary focusing
index is a ratio between the amplitude of the fundamental
frequency and the amplitude(s) of the harmonic frequen-
cy(ies).

[0041] The means for adjusting a projector focus value
includes a controller that operates a focusing actuator or
that provides an actuator command that adjusts a focus
value ofthe imaging device. The focusing actuator moves
the imaging device lens in response to the actuator com-
mand or the direct control by the controller. Examples of
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the means for maximizing the image focus index include
adjusting the projector focus value until a maximum fo-
cusing index is observed, operating an optimization rou-
tine on the image focus index until an improvement in
the focusing index lower than a threshold is observed,
and/or dithering the projector focus value and maximizing
the image focus index in response to the dithering.
[0042] In further embodiments, the system includes
means for determining a skew indicator value. Examples
of the means for determining the skew indicator value
include determining a geometric skew ratio between a
first portion of a test pattern and a second portion of the
test pattern, where the first portion of the test pattern and
second portion of the test pattern have a known geomet-
ric ratio and are spaced apart on the test pattern such
that a substantial portion of a projected image plane is
described within the first and second portions of the test
pattern. An additional or alternative example of the
means for determining the skew indicator value includes
determining a brightness skew ratio between a first por-
tion of a test pattern and a second portion of the test
pattern, where the first portion of the test pattern and
second portion of the test pattern have a known bright-
ness ratio and are spaced apart on the test pattern such
that a substantial portion of a projected image plane is
described within the first and second portions of the test
pattern. The determination of skew occurs by comparing
the spacing of frequency signals (e.g. for the geometric
skew) and/or the amplitude of frequency signals (e.g. for
the brightness skew). The means for determining the
skew indicator value further includes determining hori-
zontal and/or vertical skew for the test pattern. The sys-
tem further includes a means for tuning a projector skew
adjustment in response to the skew indicator value. The
means for tuning a projector skew adjustment includes
adjusting a projector position and/or providing an optical
skew correction until the skew indicator value is mini-
mized.

[0043] A further embodiment of the system includes a
means for determining a current zoom level. The means
fordetermining a currentzoom levelincludes determining
a fundamental frequency for a test pattern to a predeter-
mined frequency, and determining the zoom level in re-
sponse to a difference between the fundamental frequen-
cy for the test pattern and the predetermined frequency.
The system further includes a means for controlling the
zoom level in response to the target zoom level. The
means for controlling the zoom level includes an actuator
that moves the projector and/or projector lens, and/or an
actuator to move the projected image plane relative to
the projector.

[0044] Asisevidentfromthefiguresand textpresented
above, avariety of embodiments according to the present
invention are contemplated.

[0045] One exemplary embodiment is a method in-
cluding positioning an image sensor at a first specified
angle to a projected image plane, projecting a test pattern
onto the projected image plane, positioning an aperture
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between the image sensor and the projected image
plane, positioning the image sensor such that a first pixel
row of the image sensor is at a second angle to an edge
of the test pattern, and iteratively scanning the test pat-
tern and adjusting a projector focus value to maximize
an image focus index, the image focus index comprising
a function of at least one harmonic frequency amplitude
of a test pattern scan. The first specified angle may be
parallel, and the second angle may be parallel. In certain
further embodiments, adjusting the projector focus value
includes adjusting a projector lens position and/or adjust-
ing a projection distance that is a distance between the
projector and the projected image.

[0046] Incertainfurtherembodiments, the image focus
index includes a root-mean-squared (RMS) amplitude
value for a first harmonic frequency divided by an RMS
amplitude value for the fundamental frequency (FF), a
sum of RMS amplitude values for a plurality of harmonic
frequencies divided by the RMS amplitude value for the
FF, or a sum of RMS amplitude values for each harmonic
frequency having an RMS amplitude value at least equal
to 1% of the RMS amplitude value for the FF divided by
the RMS amplitude value for the FF.

[0047] In certain embodiments, the aperture is a pin-
hole. In certain embodiments, the aperture includes an
imager lens, and adjusting a projector focus value to max-
imize an image focus index further includes iteratively
adjusting the imager lens position to maximize animager
focus value, and fixing the imager lens position. In certain
further embodiments, the method includes dithering the
imager lens position after adjusting the projector focus
value, and re-adjusting the projector focus value in re-
sponse to the dithering indicating the image focus index
is not at a maximum value.

[0048] In certain embodiments, the method includes
determining a skew indicator value, and tuning a projec-
tor skew adjustment in response to the skew indicator
value. In certain embodiments, the skew indicator value
includes a ratio of a first fundamental frequency to a sec-
ond fundamental frequency and/or a ratio of a first fun-
damental frequency amplitude to a second fundamental
frequency amplitude. In certain further embodiments, the
skew indicator value includes a horizontal skew indicator
value and/or a vertical skew indicator value. In certain
embodiments, the projector skew adjustment includes a
horizontal skew correction, a vertical skew correction,
and/or a projector position. In certain embodiments, the
method further includes interpreting a target zoom level,
determining a current zoom level, and controlling the cur-
rent zoom level in response to the target zoom level. In
certain embodiments, determining the currentzoom level
includes interpreting a target fundamental frequency,
and interpreting a fundamental frequency (FF) for the
test pattern.

[0049] Oneexemplary embodimentis a system includ-
ing a projector structured to project a test pattern onto a
projected image plane, an image sensor positioned at a
first specified angle relative to the projected image plane,
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wherein afirst pixel row of the image sensor is positioned
at a second angle relative to an edge of the test pattern,
an aperture positioned between the image sensor and
the projected image plane, a controller structured to iter-
atively scan the test pattern and adjust a projector focus
value to maximize an image focus index, the image focus
index comprising a function of at least one harmonic fre-
quency amplitude of a test pattern scan, and the projector
is further structured to project a production image onto a
manufacturing surface.

[0050] In certain embodiments, the aperture includes
one of a pinhole and an imager lens. In certain embodi-
ments, the image sensor includes one of a charge-cou-
pled device (CCD) and a complementary metal-oxide-
semiconductor (CMOS). In certain embodiments, the
manufacturing surface includes a photosensitive poly-
mer layer. In certain embodiments, the controller is fur-
ther structured to adjust the projector focus value by com-
manding a projector lens position actuator and/or a pro-
jection distance actuator.

[0051] In certain embodiments, the image focus index
includes a root-mean-squared (RMS) amplitude values
for a first harmonic frequency divided by an RMS ampli-
tude value for the fundamental frequency (FF), a sum of
RMS amplitude values for a plurality of harmonic frequen-
cies divided by the RMS amplitude value for the FF, or
a sum of RMS amplitude values for each harmonic fre-
quency having an RMS amplitude value at least equal to
1% of the RMS amplitude value for the FF divided by the
RMS amplitude value for the FF. In certain embodiments,
the projector further includes a skew adjustment includ-
ing a horizontal skew correction, a vertical skew correc-
tion, and/or a projector position, and the controller is fur-
ther structured to determine a skew indicator value, and
to tune the projector skew adjustment in response to the
skew indicator value. In certain embodiments, the skew
indicator value includes a ratio of a first fundamental fre-
quency to a second fundamental frequency and/or aratio
of a first fundamental frequency amplitude to a second
fundamental frequency amplitude. In certain embodi-
ments, the skew indicator value includes a horizontal
skew indicator value and/or a vertical skew indicator val-
ue.

[0052] In certain embodiments, the controller is further
structured to interpret a target zoom level, to determine
a current zoom level, and to control the current zoom
level in response to the target zoom level. In certain em-
bodiments, the controller is further structured to deter-
mine the current zoom level by interpreting a target fun-
damental frequency, and interpreting a fundamental fre-
quency (FF) for the test pattern.

[0053] Oneexemplary embodimentis an apparatus in-
cluding a scanning module structured to provide an im-
age sensor scan command, where an image sensor cre-
ates a test pattern scan in response to the image sensor
scan command, where the test pattern scan includes a
scan of a test pattern projected onto a manufacturing
surface. In certain further embodiments, the apparatus
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includes a focus definition module structured to deter-
mine an image focus index comprising a function of at
least one harmonic frequency amplitude of the test pat-
tern scan, and a focus control module structured to iter-
atively adjust a projector focus value to maximize the
image focus index.

[0054] In certain further embodiments, the focus con-
trol module is further structured to iteratively adjust an
imager lens position to maximize the image focus index,
and the apparatus further includes an imager focus ver-
ification module structured to dither the imager lens po-
sition, where the focus control module is further struc-
tured to re-adjust the projector focus value in response
to the dithering of the imager lens position indicating that
the image focus index is not at a maximum value. In cer-
tain further embodiments, the apparatus includes a skew
control module structured to determine a skew indicator
value as a function of a first fundamental frequency value
and a second fundamental frequency value, and to tune
a projector skew adjustment in response to the skew in-
dicator value. In certain further embodiments, the projec-
tor skew adjustment includes a horizontal skew correc-
tion, a vertical skew correction, and/or a projector posi-
tion.

[0055] In certain further embodiments, the skew indi-
cator value includes aratio of a first fundamental frequen-
cy to a second fundamental frequency and a ratio of a
first fundamental frequency amplitude to a second fun-
damental frequency amplitude. In certain further embod-
iments, the skew indicator value includes a horizontal
skew indicator value and a vertical skew indicator value.
In certain further embodiments, the apparatus includes
a zoom control module structured to interpret a target
zoom level, to determine a current zoom level, and to
provide a zoom level command in response to the target
zoom level. In certain further embodiments, the zoom
control module is further structured to determine the cur-
rent zoom level by interpreting a target fundamental fre-
quency, and interpreting a fundamental frequency (FF)
for the test pattern.

[0056] Oneexemplary embodimentis a system includ-
ing a manufacturing surface, an image projector, an im-
aging sensor, and an aperture disposed between the
manufacturing surface and the imaging sensor. In certain
embodiments, the imaging sensor is positioned at a first
specified angle to the manufacturing surface and a first
pixel row of the imaging sensor is positioned at a second
angle to an edge of a test pattern projected onto the man-
ufacturing surface. In certain embodiments, the system
further includes means for determining an image focus
index, means for adjusting a projector focus value, and
means for maximizing the image focus index. In certain
embodiments, the system further includes means for de-
termining a skew indicator value, and means for tuning
a projector skew adjustment in response to the skew in-
dicator value. In certain embodiments, the system further
includes means for determining a currentzoom level, and
means for controlling the current zoom level in response
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to a target zoom level.

[0057] While the invention has been described in con-
nection with particular illustrative embodiments, it is to
be understood that the invention is not to be limited to
the disclosed embodiment(s), but on the contrary, is in-
tended to cover various modifications and equivalent ar-
rangements included within the spirit and scope of the
appended claims, which scope is to be accorded the
broadest interpretation so as to encompass all such mod-
ifications and equivalent structures as permitted under
the law. In reading the claims it is intended that when
words such as "a," "an," "at least one" and "at least a
portion" are used, there is no intention to limit the claim
to only one item unless specifically stated to the contrary
in the claim. Further, when the language "at least a por-
tion" and/or "a portion" is used the item may include a
portion and/or the entire item unless specifically stated
to the contrary.

Claims
1. A system comprising:

a projector structured to project a production im-
age onto a manufacturing surface, the projector
further structured to project a test pattern onto
a projected image plane corresponding to the
manufacturing surface;

an image sensor and an aperture positioned be-
tween the image sensor and the projected image
plane, the image sensor positioned at a first
specified angle relative to the projected image
plane, wherein a first pixel row of the image sen-
sor is positioned at a second angle relative to
an edge of the test pattern; and

a controller structured to iteratively scan the test
pattern and adjust a projector focus value to
maximize animage focus index, the image focus
index comprising a function of at least one har-
monic frequency amplitude of a test pattern
scan.

2. The system according to claim 1,
wherein the controller is further structured to adjust
the projector focus value by commanding at least
one of a projector lens position actuator and a pro-
jection distance actuator.

3. The system according to claim 1 or 2,
wherein the aperture comprises an imager lens, and
wherein the controller is further structured to adjust
the projector focus value to maximize the image fo-
cus index by iteratively adjusting the imager lens po-
sition to maximize an imager focus value, and fixing
the imager lens position.

4. The system according to claim 3,
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wherein the controller is further structured to dither
the imager lens position after adjusting the projector
focus value, and to re-adjust the projector focus val-
ue in response to the dithering indicating the image
focus index is not at a maximum value.

5. The system according to any one of claims 1 to 4,

wherein the image focus index comprises a member
selected from the group consisting of:

aroot-mean-squared (RMS) amplitude value for
a first harmonic frequency divided by an RMS
amplitude value for the fundamental frequency
(FF);

a sum of RMS amplitude values for a plurality
of harmonic frequencies divided by the RMS am-
plitude value for the FF; and

a sum of RMS amplitude values for each har-
monic frequency having an RMS amplitude val-
ue at least equal to 1% of the RMS amplitude
value for the FF divided by the RMS amplitude
value for the FF.

6. The system according to any one of claims 1 to 5,

wherein the projector further includes a skew adjust-
ment comprising at least one member selected from
the group consisting of a horizontal skew correction,
a vertical skew correction, and a projector position,
and wherein the controller is further structured to de-
termine a skew indicator value, and to tune the pro-
jector skew adjustment in response to the skew in-
dicator value.

7. The system according to claim 6,

wherein the skew indicator value comprises at least
one of a ratio of a first fundamental frequency to a
second fundamental frequency and a ratio of a first
fundamental frequency amplitude to a second fun-
damental frequency amplitude.

8. The system according to claim 6 or 7,

wherein the skew indicator value comprises at least
one of a horizontal skew indicator value and a vertical
skew indicator value.

9. The system according to any preceding claim,

wherein the controlleris further structured tointerpret
a target zoom level, to determine a current zoom
level, and to control the current zoom level in re-
sponse to the target zoom level.

10. The system according to claim 9,
wherein the controller is further structured to deter-
mine the current zoom level by interpreting a target
fundamental frequency, and interpreting a funda-
mental frequency (FF) for the test pattern.

11. The system according to any preceding claim,
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13.

14.

15.

16.

17

wherein at least one of the first specified angle and
the second angle comprises a parallel angle.

A system, comprising a manufacturing surface, an
image projector, an imaging sensor, and an aperture
disposed between the manufacturing surface and
the imaging sensor, the system characterized by:

the imaging sensor positioned at a first specified
angle relative to the manufacturing surface and
afirst pixel row of the imaging sensor positioned
at a second angle relative to an edge of a test
pattern projected onto the manufacturing sur-
face;

means for determining an image focus index;
means for adjusting a projector focus value; and
means for maximizing the image focus index.

A method, comprising:

positioning an image sensor at a first specified
angle relative to a projected image plane;
projecting a test pattern onto the projected im-
age plane;

positioning an aperture between the image sen-
sor and the projected image plane;

positioning the image sensor such that a first
pixel row of the image sensor is at a second
angle relative to an edge of the test pattern; and
iteratively scanning the test pattern and adjust-
ing a projector focus value to maximize animage
focus index, the image focus index comprising
a function of at least one harmonic frequency
amplitude of a test pattern scan.

The method of claim 13,

wherein adjusting the projector focus value compris-
es at least one of adjusting a projector lens position
and adjusting a projection distance comprising a dis-
tance between the projector and the projected im-
age.

The method of claim 13 or 14,

wherein the image focus index comprises a member
selected from the group consisting of a root-mean-
squared (RMS) amplitude value for a first harmonic
frequency divided by an RMS amplitude value for
the fundamental frequency (FF), a sum of RMS am-
plitude values for a plurality of harmonic frequencies
divided by the RMS amplitude value for the FF, a
sum of RMS amplitude values for each harmonic fre-
quency having an RMS amplitude value at least
equal to 1% of the RMS amplitude value for the FF
divided by the RMS amplitude value for the FF.

The method of any one of claims 13 to 15,
wherein the aperture comprises an imager lens, and
wherein adjusting a projector focus value to maxi-
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17.

18.

18

mize animage focus index further includes iteratively
adjusting the imager lens position to maximize an
imager focus value, and fixing the imager lens posi-
tion.

The method of any one of claims 13 to 16,

further comprising determining a skew indicator val-
ue, and tuning a projector skew adjustment in re-
sponse to the skew indicator value.

The method of any one of claims 13 to 17,

further comprising interpreting a target zoom level,
determining a current zoom level, and controlling the
current zoom level in response to the target zoom
level.
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